Since ventricular remodeling after myocardial infarction (MI), which causes ventricular dysfunction, is strongly associated with the prognosis 1)2)
B Ba ac ck kg gr ro ou un nd d: : Granulocyte stimulating factor (G-CSF) and bone marrow mononuclear cells (BM-MNC) were reported to improve cardiac function after myocardial infarction (MI). This study was to examine their combined beneficial effects and mechanisms of actions in reperfused MI, which have not been verified yet.
M Me et th ho od ds s: : Fifteen pigs were divided into 3 groups after a 1-hour balloon occlusion and reperfusion of the left anterior descending coronary artery. G1 (n=5) was a control, G2 (n=5) was a G-CSF injected group (10 ug/kg/day, from day1 to day7 after MI), and G3 (n=5) was an autologous intracoronary BM-MNC infused group after G-CSF treatment.
R Re es su ul lt ts s: : Modified wall motion indices by echocardiography were similar among 3 groups at 24 hours after MI. However, they improved significantly in G2 and G3 at 35days after MI (p 0.05). The percentage of infarct area/left ventricular myocardial area measured from a triphenyltetrazolium chloride (TTC) stain was lower in G3 than in G1 or G2 (p=0.026). The number of vWF-positive vessels and the expressions of vWF and VE cardherin by RT-PCR were higher in G3 and G2 than in G1 (p 0.05). The number of TUNEL-positive cells and bcl2/bax ratio were not significantly different among 3 groups.
C Co on nc cl lu us si io on n: : This study suggests that intracoronary BM-MNC infusion with G-CSF treatment in reperfused MI reduced infarct size, improved left ventricular function and prevented ventricular remodeling.
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Recombinant human granulocyte colony stimulating factor (rh G-CSF) is known to proliferate bone marrow stem cells and mobilize hematopoietic bone marrow stem cells into the peripheral blood. They have the capacity to differentiate into cardiac myocytes and vascular smooth muscle cells. [17] [18] [19] [20] [21] It has been reported that rh G-CSF improved cardiac function and reduced ventricular remodeling by angiogenesis and regenerating myocardium in mice and pigs with permanent left anterior descending artery (LAD) occlusion. [20] [21] [22] In addition, it was suggested that G-CSF acted directly on cardiomyocytes through G-CSF receptors and promoted their survival after myocardial infarction. 7) Transplantation of bone marrow derived stem cells has been suggested to improve cardiac function after acute myocardial infarction in several experimental and clinical studies. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Bone marrow stem cells can differentiate into cardiomyocyte-like cells 23)24) and they supply angioblasts, angiogenic factors, angiogenic ligands, and cytokines, which induce neovascularization in the ischemic tissue. 8) However, the possible combined beneficial effects of both G-CSF and BM-MNC on the injured myocardium have not been assessed and the action mechanism of G-CSF and BM-MNC have not been clearly defined in reperfused myocardial infarction.
In this study, we examined the combined beneficial effects of G-CSF and BM-MNCs on the injured myocardium and their mechanisms of action in improving cardiac function and preventing cardiac remodeling in reperfused acute myocardial infarction in the closed chest pig model.
M Me et th ho od ds s
Acute myocardial infarction was induced by percutaneous balloon angioplasty in 27 cross breed pigs weighing 18-23 kg. 7 pigs died as a result of refractory ventricular fibrillation during the coronary artery occlusion (Fig. 1A) . Among the remaining 20 pigs, 15 were appropriate for both echocardiographic examination and tissue analysis. All the experiments were performed according to the "Revised Guide for the Care and Use of Laboratory Animals Available".
25)

Porcine myocardial infarction with optimal reperfusion model
The animals were anesthetized with intramuscular injections of ketamine hydrochloride (10-15 mg/kg) and xylazine (10 mg/kg) followed by intravenous injections of diazepam and fentanyl through a superficial ear vein. Bone marrow blood was aspirated from the ileum and a baseline echocardiography was performed. After an anterior neck dissection, a 6 Fr. sheath was inserted into a carotid artery and a 6 Fr. guiding catheter was positioned into the ostium of the left coronary artery under fluoroscopic guidance. After performing a coronary angiography (CAG), a floppy guide wire was advanced into the left anterior descending artery (LAD) and a 3.0 mm 13-18 mm balloon was inflated between the first (D1) and the second diagonal (D2) coronary arteries in order to induce a complete occlusion. After 1 hour of occlusion of the LAD, the balloon was deflated and a CAG was performed to confirm the presence of reperfusion.
Group assignment
All the pigs were divided into three groups: (1) Control group (Group 1, n=5), a group which occluded LAD for 1 hour followed by reperfusion; (2) G-CSF treated group (Group 2, n=5), 24 hours after reperfused myocardial infarction, subcutaneous rh G-CSF (10 ug/kg/ day, for 7 days, Dong-A Pharmaceutical; Seoul, Korea) At 5 to 7 days of rh G-CSF treatment after an acute myocardial infarction with reperfusion, bone marrow blood (50 to 60 mL) was aspirated from the ileum under anesthesia with ketamine, xylazine, diazepam, and fentanyl (N=5). BM-MNCs were separated by Ficoll-density-gradient centrifugation using Lymphocyte Separation Medium (LSM: Cellgro, Mediatech, Herndon, VA, USA).
Heparinized blood was diluted 1:1 in phosphate-buffered saline (PBS) and layered carefully over a lymphocyte separation medium (LSM). The tubes were spun at 3,600 rpm x g for 20 minutes and the mononuclear cell layer was harvested from the plasma-LSM interface. RBCs were removed with RBC buffer and BM-MNCs were washed with PBS. Then the BM-MNC suspension was incubated with 1 /mL CM-Dil (Molecular Probes) at 37 C for 5 minutes and at 4 C for 15 minutes, then washed 2 times with PBS before resuspension in 8 mL of PBS. The mean number of BM-MNCs collected was 6.7 10 Within 1 hour of the BM-MNC collection and preparation, the cells were infused directly into the LAD through an over-the-wire angioplasty balloon catheter, which was placed between D1 and D2. A total 8 mL of the cell suspension (6.7 10 8 4.7 10 8 BM-MNCs) was infused for 20 minutes. The over-the-wire angioplasty balloon was inflated 4 times for 2 to 3 minutes each time in order to prevent the backflow of cells and to facilitate cell contact with infarcted myocardium for a prolonged time. A 2 mL cell suspension was infused at each inflation.
Hematologic analysis
The numbers of circulating white blood cells and monocytes were counted before and at 1, 3, 7, 14, and 28 days after myocardial infarction. Bone marrow blood cells were counted before and at 3, 7, 14, and 28 days after myocardial infarction.
Echocardiographic analysis
Echocardiographic studies (Acuson Sequoia C256, 5MHz transducer) were performed before and at 1, 3, 7, 14, and 28 days after myocardial infarction. In a left decubitus position, the left ventricular end-diastolic dimension (LVED), left ventricular end-systolic dimension (LVSD), diastolic interventricular septal wall thickness (IVSTd), and posterior wall thickness (PWTd) were measured by M-mode. Left ventricular end-diastolic area (LVAd), left ventricular endsystolic area (LVAs), and fractional area change (FAC) were measured by 2-dimensional echocardiography at the midpapillary level of the short axis view. For the analysis of regional wall motion, the anteroseptum, which is between the anterolateral and posteromedial papillary muscles at the papillary level of the short axis view, was divided into 5 segments (Fig. 1B) . The function of each segment was assessed visually and scored from 1 to 5 (normal: 1, hypokinesis: 2, akinesis: 3, dyskinesis: 4, and aneurysm: 5) at 24 hours and at 35 days after myocardial infarction. On the basis of this wall motion analysis scheme, a modified wall motion score index (MWMSI) was calculated as follows:
MWMSI=Sum of the wall motion scores of 5 segments/5 segments of the anteroseptum between the anterolateral and posteromedial papillary muscles at the papillary level of the short axis view.
Histologic analysis
Thirty five days after myocardial infarction, the pigs were sacrificed and the infarct size was estimated using triphenyltetrazolium chloride (TTC) staining. The heart was cut into seven transverse slices, six of which were incubated for 15 minutes at 37 C in 1% (W/V) TTC solution. One was left for RT-PCR analysis. The infarcted area was measured by computed planimetry (NIH IMAGE 1.63, NIH, ML). The infarct size which was measured from each myocardial slice was calculated as a percentage of the left ventricular (LV) area.
Immunohistochemical staining for endothelial cells of the blood vessels was conducted with the anti-von Willebrand factor (vWF) antibody to evaluate angiogenesis in the myocardium. Tissue sections were de-waxed in xylene and rehydrated through a descending ethanol series. Antigen retrieval was performed by incubating with 20 /mL proteinase K solution in a humidified chamber for 20 minutes at 37 C and for another 20 minutes at room temperature. After washing with PBS containing 0.05% Tween 20 (PBT), the sections were blocked with normal goat serum blocking solution in PBT for 30 min. The sections were stained with anti-vWF (DAKO; Glostrup, Denmark) at a dilution of 1 in 500 for 60 min. The sections were linked with a biotinylated link antibody and labeled with streptavidin (LSABKit, DAKO; Glostrup, Denmark). Finally, the sections were developed with diaminobenzidine (DAB, DAKO; Glostrup, Denmark) for 10 min to generate a brown-colored product and lightly counterstained with hematoxylin (Sigma) prior to mounting with Canada Balsam (Junsei, Japan). To count the number of vessels, 15 fields were chosen randomly from remote (non-infarct), border (ischemic), and infarct regions in each group. The number of capillaries in each section was presented as the mean SE of blood vessels per unit area (mm 2 ). For the detection of apoptotic cells, a TUNEL assay was carried out on paraffin sections using the in situ Apoptosis Detection Kit (Takara, Japan). After deparaffinization, the slides were treated with 20 /mL of proteinase K for 30 min at room temperature (RT). The sections were then incubated with 3% H2O2 in methanol for 5 min to eliminate any endogenous peroxidase. Each section was treated with terminal deoxynucleotidyl transferase (TdT) buffer solution that contained TdT and fluorescein dUTP for 90 min at 37 C. The sections were incubated with anti-fluorescein isothiocyanate (FITC) horseradish peroxidase (HRP) conjugate for 30 min at 37 centigrade, HRP activity was visualized with diaminobenzidine (DAB) and counterstained with 3% methyl green for 5 min. In order to count the number of apoptotic cells, 30 fields were chosen from remote, border, and infarct regions in each sample. The number of apoptotic cells at each section was presented as the mean SE of TUNEL-positive cells per 104 nucleated cells.
RT-PCR analysis
Total RNA was extracted from infarcted tissue, periinfarcted tissue, and non-infarcted tissue with Trizol (Gibco-BRL; Grand Island, NY, USA). Contaminating DNA was digested by 1 U of RQ1 DNase (Promega; Madison, WI, USA) as recommended by the manufacturer. The firststrand cDNA was synthesized from 0.5 of DNasetreated total RNA using 0.5 random hexamers (Invitrogen) and 200 U moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen) at 37 C for 60 min in a volume of 20 µL. The first strand cDNA (1 µL) was used for PCR amplification in a 25 µL reaction mixture. PCR was performed under the following conditions: 94 C for 30 seconds, 60 C for 40 seconds, and 72 C for 40 seconds, with an additional 7-minutes incubation at 72 C after cycle completion. The PCR reaction was performed for 28 cycles with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers and for 35 cycles with vWF, VE-cadherin, bcl-2, bax primers.
Statistical analysis
The data is presented as the mean SD. An SPSS 10.0 program was used for statistical analysis. Hematologic data were analyzed using the Mann-Whitney and Wilcoxon methods. Analysis of Variances (ANOVA) was used for echocardiographic data and histopathological data analysis; and time after death official approval was performed using the Bonferroni and Scheffe methods. Statistical significance was considered to be p 0.05.
R Re es su ul lt ts s Laboratory analysis
The WBC numbers, both in the peripheral blood and Fig. 2A and B) . Monocyte numbers, both in the peripheral blood and bone marrow also increased significantly in the G-CSF treated groups (Group 2 (Fig. 2C and D) ; p=ns) (Fig. 2) .
Infarct size
Morphologically, the infarcted myocardial wall was thin and the left ventricular cavity was markedly dilated in the control group. However, these changes were not prominent in the G-CSF and BM-MNC treated groups (Fig. 3A) . The percentage of infarct area/LV myocardium area measured at the sliced left ventricle (sum of 6 slices) was less in the G-CSF+BM MNC treated group (Group 3) than in the control group or the G-CSF only treated group (Group 2 and Group 3) (Group 1 vs. Group 2 vs. Group 3, 9.2 2.1% vs. 7.2 1.1% vs. 1.2 1.2%, p=0.026) (Fig. 3B) .
Neovascularization
We evaluated the number of vessels by immunohistoechemical staining using anti-vWF Ab and the expressions of mature endothelial cell surface molecule such as vWF and VE-cadeherin by real-time RT-PCR in the infarct area, border area and non-infarct area to determine the mechanism of G-CSF and BM-MNC mediated effect on cardiac function and remodeling after reperfused MI. The number of vWF-positive vessels was higher in G-CSF and G-CSF+ BM MNC group than in control group in normal region (Group 1 vs. Group (Fig. 4) . Real-time RT-PCR revealed that the expressions of endothelial markers (vWF and VE-cadherin) markedly increased in G-CSF and G-CSF+BM MNC group than in control group (Fig. 5A) (Fig. 5A ).
Apoptotic cells
We assessed the number of apoptotic cells by TUNEL assay and mRNA expressions for bcl-2, bax, and the ratio of of bcl-2 mRNA/bax mRNA by real-time RT-PCR in the infarct area, border area and non-infarct area since apoptotic cell death was reported to cause the progression of remodeling after MI and the expansion of MI. The number of TUNEL-positive cells in remote, border and infarcted region was not different among control group, G-CSF group, and G-CSF+BM MNC group (Fig. 6) . Furthermore, real-time RT-PCR revealed that bcl-2 mRNA, bax mRNA and the ratios of bcl-2/bax mRNA in remote, border and MI regions were not different among the three groups (Fig. 5B) .
Echocardiographic analysis
Before myocardial infarction, there were no significant (Table 1 ). The percent increase in the left ventricular area from the baseline to 35 days after myocardial infarction, measured by 2D echocardiography at the mid-papillary level of the short axis view, tended to be lower in the G-CSF+BM-MNC group than in the control group (Group 1 vs. Group 2 vs. Group 3, 37.5 4.6% vs. 29.6 3.3% vs. 6.7 2.6%; p=0.096) ( Table 1 ). The wall motion index which was calculated at the mid-papillary level of the left ventricle at 24 hours after myocardial infarction was similar among the three groups (Table 2) . However, the regional wall motion improved significantly in Group 2 and Group 3 at 35 days after myocardial infarction (Table 2) .
D Di is sc cu us ss si io on n
The present study demonstrated that the intracoronary infusion of BM-MNCs with G-CSF treatment reduced infarct size, improved ventricular function and prevented ventricular remodeling partly by the enhanced neovascularization in reperfused MI of a closed chest pig model. G-CSF is a hematopoietic growth factor, which stimulates the bone marrow to produce different types of blood cells by shortening the time of their maturation and increasing the number of cell divisions. In addition to the induction of proliferation and differentiation of hematopoietic stem cells in the bone marrow, G-CSF mobilizes bone marrow stem cells [17] [18] [19] [20] [21] [26] [27] [28] and releases angiogenic growth factors, such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and hepatocyte growth factor. 29)30) Iwagana et al. 22) reported that G-CSF prevented cardiac dysfunction and remodeling after myocardial infarction in pigs through G-CSF-induced activation of Akt and upregulation of VEGF. Recently, it was suggested that G-CSF acted directly on cardiomyocytes to promote their survival after myocardial infarction. 7) In that study, G-CSF treatment protected cultured cardiomyocytes from apoptotic cell death, possibly through upregulation of bcl-2 and bcl-xL expression, 7)31) which indicated that it had direct protective effects on cardiomyocytes through the G-CSF receptor and the Jak-Stat pathway. Clinically, Kuethe et al. 10) reported a significant improvement in regional wall motion and wall perfusion abnormalities with G-CSF treatment in patients after acute myocardial infarction.
The bone marrow contains multipotent adult stem cells that can differentiate into various kinds of cell lineages, such as hematopoietic cells, fibroblasts, osteoblasts, myogenic cells, and endothelial lineage. It has been reported that bone marrow mononuclear cells have the capacity to regenerate cardiac myocytes and blood vessels. As a result, many clinical and experimental trials have been conducted and have demonstrated the beneficial effects of bone marrow mononuclear cells on infarcted myocardium in human. Strauer et al. 13) reported that selective intracoronary transplantation of autologous bone marrow mononuclear cells improved cardiac function in humans, possibly by bone marrow cell-associated myocardial regeneration and neovascularization. Recently, the beneficial effect of intracoronary autologous bone marrow cell infusions on left ventricular systolic function in patients after acute myocardial infarction, was demonstrated. 16) In an animal study, bone marrow mononuclear cells were implanted directly into the infarcted myocardium and then were proved to enhance the collateral perfusion and regional function of the myocardium in pigs. 8) However, others reported that the transdifferentiation of bone marrow cells into cardiomyocytes was quite rare. 6)11) Therefore, angiogenesis rather than myocardial regeneration was used to explain the beneficial effect of bone marrow mononuclear cell treatment.
All of these findings suggest that the functions of bone marrow mononuclear cells and G-CSF in myocardial infarction are more complex than were originally anticipated. Although certain mechanisms of actions of bone marrow mononuclear cells and G-CSF on the injured myocardium appear similar, basically, the two treatment modalities were In this study, the numbers of white blood cells and monocytes, both in the peripheral blood and bone marrow, increased significantly in the G-CSF treated groups (Group 2 and Group 3) compared with those of the control group (Group 1). These findings demonstrated that white blood cells and monocytes were proliferated and mobilized by G-CSF.
TTC staining revealed that the infarct size at 35 days after MI was smaller in the BM-MNC with G-CSF treated group than in the other groups in this study. In concordance with this finding, the left ventricular regional wall motion which was assessed by echocardiography, improved more in BM-MNC with G-CSF treated group. Moreover, the ventricular remodeling evaluated by the increase of LV area 35 days after MI tended to be lower in BM-MNC with G-CSF treated group. One of the mechanisms of these improvements could partly be explained by the neovascularization, since the number of vWF positive cells and the expressions of endothelial surface molecules such as vWF and VE-Cadherin, increased in Group 2 and Group 3. However, the addictive beneficial effect of BM-MNCs on morphological and functional improvements of the left ventricle cannot be explained by neovascularization only.
Apoptotic cell death was considered to be responsible for the progression of left ventricular remodeling and the expansion of infarction size. 32) Iwagana et al. 22) suggested that G-CSF decreased the number of apoptotic endothelial cells and improve cell survival in porcine myocardial infarction model. However, in this study, we couldn't demonstrate differences in the number of apoptotic cells and cell survivals among the three groups. Although more apoptotic cells were seen over the infarct-related myocardium than over the normal myocardium in all the three groups, there were no differences among the three groups in each area (Fig. 6) . Moreover, bcl2/bax ratio achieved by RT-PCR assessment of m-RNA, which are an indicator of cell survival, showed no difference among the three groups in each area (Fig. 5B) . Since the number of TUNEL positive apoptotic cell itself was quite few, we could not clarify the types of apoptotic cells. Possibly, the optimal reperfusion of an infarct-related coronary artery might reduce the total number of apoptotic cell deaths in all the groups. Our results suggest that both G-CSF and BM-MNC treatment do not seem to have a significant influence on the cell survivals in the optimally reperfused MI.
One of the limitations of this study was that there were no commercially available surface antibodies which could clarify the characteristics of the collected BM-MNCs. Thus, it was not possible to characterize BM-MNCs which were infused via intracoronary arteries. Various approaches need to be considered for analyzing BM-MNCs of pigs, including the detection of specific genes.
The other limitation of this study was relatively small number of the experimental animals. In addition, two pigs of Group 1 and three pigs of Group 2 were excluded in the final analysis because of inadequate tissue preparations or inadequate echocardiographic assessments. Finally, in order to clarify the combined effect of G-CSF and BM-MNCs more precisely, an intracoronary BM-MNC infusion group without G-CSF treatment would need to be enrolled. Since there was no evidence that the BM-MNCs transplanted after G-CSF treatment transdifferentiated into endothelial cells or myocytes in this study, it still remains to be determined whether the beneficial effects of BM-MNC with G-CSF treatment are due to transdifferentiation of BM-MNC or due to other paracrine effects.
In conclusion, our study suggested that the intracoronary bone marrow mononuclear cell infusion with G-CSF treatment reduced infarct size, improved left ventricular function and prevented ventricular remodeling in reperfused porcine MI model. These prominent combined beneficial effects that resulted in morphological and functional improvements of LV, could partly be explained by the neovascularization. However, neither BM-MNCs nor G-CSF seem to have a significant effect on apoptotic cells and bcl2/bax ratio in the optimally reperfused MI. Autologous intracoronary bone marrow mononuclear cell transplantation with G-CSF for the treatment of myocardial infarction is promising, but still challenging. Further experimental trials with larger numbers of animals are needed to demonstrate the precise role of BM-MNCs with G-CSF in myocardial infarction.
